Herbivores can sometimes benefit the plants they consume. We investigated the interaction between an herbivore species, the Taiwan field vole (Microtus kikuchii), and its major food plant, the Yushan cane (Yushania niitakayamensis) of alpine meadows. We observed consumption of Yushan canes by voles in the field and laboratory, performed 2 field manipulative experiments and 2 laboratory cafeteria feeding experiments, and carried out chemical analyses on different Yushan cane parts to test 2 hypotheses: Taiwan field voles feed preferentially on certain Yushan cane parts due to their different chemical constituents, which vary with season; and herbivory by the Taiwan field vole has positive effects on fitness of Yushan cane. Our results showed that, although Taiwan field voles could exert a strong herbivorous pressure on Yushan canes through their near yearround preference for feeding on Yushan cane leaves, the presence of Taiwan field voles actually increases the emergence of Yushan cane shoots over time. The feeding preference of voles for different plant parts can be explained by plant chemical constituents. We demonstrated that the consumption behavior of voles, which reduces the canopy and creates large litter piles, could facilitate the production of Yushan cane shoots by creating favorable shooting conditions. This study suggests a behavioral mechanism of overcompensation where the gain in asexual reproduction by Yushan cane more than compensates the loss to herbivory by the Taiwan field vole.
Small herbivorous mammals can strongly influence plant communities through selective foraging (Howe 2008 [and references therein]; Huntly 1991). For example, Howe et al. (2006) demonstrated that meadow voles (Microtus pennsylvanicus) could reduce vegetative standing crop by 30-70%, and create communities of unpalatable plants in a tallgrass prairie. However, the effects of mammalian herbivory on the abundance of consumed plants are not always negative. Plants can counter herbivory with compensatory responses that may sometimes lead to a full compensation or overcompensation of fitness (reviewed in Fornoni 2011; Stowe et al. 2000; Strauss and Agrawal 1999; Tiffin 2000) . One mechanism of compensation is the activation of basal meristems and induction of regrowth of lateral shoots and branches by herbivore damage to the floral or apical meristems (Fornoni 2011; Strauss and Agrawal 1999) . In recent years, the effects of 2 other foraging or consumption behaviors by mammalian herbivores on overcompensatory responses were revealed. First, Gómez-García and colleagues (Borghi and Giannoni 1997; Gómez-García et al. 1999 , 2004 found that the burrowing activities of mole-voles (Microtus duodecimcostatus) during foraging increased the dispersion of seeds, seedlings, and asexual buds of a geophyte, Merendera montana, which led to a higher geophyte density in mole-vole-active plots than in mole-voleexcluded plots. Second, Zhang et al. (2007) discovered that sheep saliva increased the relative growth rates of clipped Artemisia frigida and Leymus chinensis when compared to control plants, which were clipped without saliva contact. Here, we report a study that investigates the interaction between an herbivore, the Taiwan field vole (Microtus w w w . m a m m a l o g y . o r g kikuchii) and its major food plant, the Yushan cane (Yushania niitakayamensis), and show that the foraging behaviors of the former provide a suitable shooting environment for the latter species, thus suggesting an alternative behavioral mechanism of overcompensation.
Study system.-The Yushan cane is a perennial monocarpic species that dominates the alpine ecosystem in Taiwan. It is the primary and preferred food of the Taiwan field vole, the dominant herbivore of the alpine meadows (Ho 2009 ). Sexual reproduction of the Yushan cane is rarely observed (Liao 2004) . The Yushan cane uses ramets of running rhizomes for asexual reproduction (Lin 1976) . In alpine meadows, new shoots of Yushan cane emerge between March and May, and continue to grow vertically without branching until late-JulyAugust, when they start to develop side branches and leaves until late October. Little growth occurs during the cold months of November-February. The increased numbers of side branches and new leaves on old culms (shoots that enter into their 2nd or later year) starts in May, peaks between June and July, and then declines.
Temperature and humidity are the 2 main factors that limit the production of shoots. An increase in soil temperature and humidity facilitates shooting (Cirtain et al. 2009; Wang and Kao 1986) . In bamboo farms, periodic thinning of culms is practiced to maintain a healthy production of culms in several commercially produced bamboo species. Bamboo shoot farmers in Taiwan cultivate bamboo fields by maintaining high soil humidity, frequently plowing the soil, removing old rhizomes, and fertilizing. Proper cutting of rhizomes when harvesting emerging shoots can lead to a secondary shooting in the same year (Liu et al. 2009 ).
Having a higher nitrogen content than other plant species in the alpine ecosystem, Yushan canes are one of the most palatable foods for Taiwan field voles (Ho 2009 ). Yet, it is not clear if voles would prefer different cane parts. The Yushan cane has seasonal variation in nitrogen content (Chang 1981) . Thus, voles may exhibit consumption of different Yushan cane parts in each season, which may have differential effects on the growth or reproduction, or both, of Yushan canes. For example, Chen (1997) observed that rodent depredation on emerging shoots reduced the number of nodes, thus, the overall height of Yushan canes. We observed that the Taiwan field vole could extensively defoliate Yushan canes and create large amount of litter on the ground (Yeh 2010) . This may increase the amount of light able to penetrate the canopy and the amount of aboveground litter on the ground level, which might alter soil conditions for the canes (Cirtain et al. 2009; Deutsch et al. 2010) . However, the consumption of culms and leaves may decrease photosynthetic efficiency and retard Yushan cane growth. In addition, the Taiwan field vole, a semisubterranean rodent, can depredate rhizomes and exert strong effects on Yushan cane growth.
The aim of this study is to examine how the Taiwan field vole affects the growth of its primary food plant, the Yushan cane. We tested 2 hypotheses: 
MATERIALS AND METHODS
Study area and field experiments.-The field study was conducted in an alpine meadow (24808 0 36.4 00 N, 121817 0 17.4 00 E; 3,007-3,070 m elevation) in the Hehuan Mountains in central Taiwan. The annual mean air temperature is 7.08C, and the annual mean rainfall is 366 mm. The Taiwan field vole is the dominant small mammal of the meadow, and the Yushan cane is the dominant plant species in the meadow (Ho 2009 ). Other herbivores, such as Formosan Reeves' muntjac (Muntiacus reevesi micrurus) and sambar deer (Rusa unicolor), are absent from the study site. Formosan field mice (Apodemus semotus), which occasionally appear in the meadow, reside mainly in fir forests. These mice do not consume Yushan canes. Instead, they eat seeds of other plants and fungi, as well as invertebrates. Herbivorous invertebrates, mainly leafhoppers and Lepidoptera larvae, can be found in the meadow. Seasonal invertebrate fauna surveys using sweep nets and pitfall traps show that numbers remain very low (Yeh 2010) .
We constructed field vole exclosures to test the overall effects of exclusion of Taiwan field voles on the growth of Yushan canes. Pairs of 2 3 2-m vole exclosures were established at 6 sites on the mountain meadow in December 2007. Each pair consisted of a vole-proof exclosure and a leaky exclosure, which served as a control treatment. Each exclosure was constructed with 1-cm-square wire mesh extending 80-90 cm above ground and 30-40 cm below ground, held in place with polyvinyl chloride pipes staked into the ground. A 25-cmwide transparent plastic film was fixed to the top edges of the mesh to prevent voles from entering by climbing. The leaky exclosure served as a control and had large openings at ground level that allowed voles to enter freely. Periodic trapping, in which small mammal traps were placed inside the vole-proof exclosures, indicated there were no voles in those exclosures. Every 4 months between May 2008 and October 2009, four 20 3 50-cm transects within each exclosure were randomly selected to census the number of Yushan cane culms and shoots. Last, we selected several areas with highly concentrated vole activities (based on vole clipping piles and latrines) and excavated (about 1 3 1 m each) the Yushan cane stands with their underground rhizomes to examine for signs of vole consumption. However, we could not find any signs, and decided not to proceed with the line of inquiry further, rather focusing our attention on the effects of shoot and foliage removal. The extremely low nutritional quality of rhizomes (see ''Results'') supports our field observations.
We conducted a canopy-litter manipulation experiment to simulate the effects of increased litter and decreased canopy caused by vole consumption on the culms and leaves of Yushan canes. Twelve plots with 100% Yushan cane cover were randomly selected in the meadow. In each plot, 3 different treatments were set up. The treatments, each 50 3 50 cm in size, were: canopy reduction, in which canopy leaves were removed to reduce foliage cover by~50%; litter removal, in which the majority (.90%) of leaf litter was removed; and control, in which no culm, leaf, or litter were removed. The procedures of canopy reduction mimicked those of vole consumption observed in the laboratory. It has been shown that artificial and natural herbivory damage exerts similar effects on plants (Stevens et al. 2008) . The 3 treatments in each plot were within 2 m of each other. Every 4 months between May 2008 and October 2009, the treatments were conducted, and two 25 3 25-cm areas of each treatment in each plot were randomly selected for counting culms and shoots of Yushan cane. Removed litter was oven-dried for 48 h and then weighed.
Laboratory feeding experiments.-We conducted 2 feeding experiments in the laboratory of the High-Altitude Station of the Institute for Endemic Species Research, about 5 km from the mountain meadow where the field experiments were performed, to determine preference of the Taiwan field vole for different Yushan cane parts. Based on the phenology of the Yushan canes at the Hehuan Mountains (Chen 1997) , the experiments were performed in 3 seasons: January (representing the nongrowing season, November-February), May (representing the shooting season, March-June), and October (representing the leaf-growing season, July-October) for 2 years, from January 2008 to October 2009.
All voles and plant samples used in the feeding experiments were collected from a meadow near the field site. Voles were captured 12-24 h before each experimental trial using Ugglan Special (Grahnab, Hillerstorp, Sweden) live traps (25 3 7.8 3 6.5 cm) baited with rolled oats mixed with peanut butter. Crumpled paper towels were supplied to provide shelter. The captured voles were housed individually in standard rat cages (50 3 25 3 20 cm) with 10-cm-deep wood shavings, and supplied ad libitum with water, oats, and sweet potatoes. Only adult animals with body weights .30 g (Wu 2007 ) were used in the experiments. In 2008, we used a total of 9 voles in January, 7 voles in May, 4 voles in June, and 10 voles in October. In 2009, we used a total of 3 voles each in January, March, and May, and 2 voles each in July and October. Each vole was used in only 1 cafeteria trial. The number of voles varied due to the natural fluctuation and trappability of vole populations (Hsu 2011 ).
Two cafeteria-style feeding preference experiments, shootculm trials and all-part trials, were conducted. The shoot-culm trials tested the preference of voles for aboveground parts of Yushan canes. We presented shoots and culms with leaves the way they would be naturally encountered in the field by voles. The trials were videotaped to reveal voles' consumption behaviors. The all-part trials tested the preference of voles for 4 Yushan cane parts. We provided rhizomes, culms, leaves, and shoots to the voles. The shoots had no leaves in May, but had a few leaves on the tips in October and January.
Shoot-culm cafeteria trials.-During each trial, and for each replicate, 10 fresh live culms and 10 fresh live 1st-year shoots were arranged in a 5 3 4 checkerboard pattern by inserting the bases of culms or shoots into a 10 3 5 3 5-cm (length 3 width 3 height) wet flower-arrangement foam to mimic the stem density in the wild. The foam was then placed in a 30 3 20 3 15 cm plastic cage fenced in with 1-cm mesh, measuring 60 cm high. A Taiwan field vole was introduced into the cage at 0800 h, along with 15 g each of sweet potato and oats. At the 12th hour (0800 h), the numbers of culms and shoots gnawed by voles were counted. A culm or shoot was defined to be gnawed by a vole if more than one-third of its circumference was nibbled. The shoot-culm trials were only performed in 2008.
All-part cafeteria trials.-During each trial, and for each replicate, 10 g of each Yushan cane part (rhizome, culm, leaf, and shoot), and 15 g of both sweet potato and oats were arranged in a 50 3 25 3 20-cm cage. Each Yushan cane part was partially wrapped at the cut ends in wet paper towels placed in a 7.8 3 7.8 3 1-cm plastic dish to reduce water loss. A Taiwan field vole was introduced into the cage at midnight. After 12 h (at noon the next day), the vole was removed, and the leftovers were collected and immediately weighed. To estimate weight loss of plant parts due to dehydration, a waterloss control with similar setup in a separate cage without voles was created during the same period of time. The weights of the leftover Yushan cane parts were then adjusted for weight loss due to dehydration. Manly's a (Krebs 1999) was calculated to quantify the preference of each vole for each plant sample in a 12-h trial. The all-part trials were performed in both 2008 and 2009. All research protocols on live animals followed guidelines approved by the American Society of Mammalogists (Sikes et al. 2011) .
Chemical constituent analyses.-When the feeding trials were conducted, Yushan cane parts were collected from the field to analyze their chemical constituents. All collected samples were immediately weighed and kept in sealed plastic bags to prevent water loss. The samples were temporarily stored in a 48C refrigerator before they were freeze dried, ground, and stored at À208C, all completed within 1 week. Five chemical components, including water, ash, neutral detergent fiber (NDF), acid detergent fiber (ADF), and crude protein of each Yushan cane part were measured following standard methods (water, ash, and crude protein-AOAC International 2005-NDF-van Soest et al. 1991-and ADF-Goering and van Soest 1970) . The amount of hemicellulose was calculated by subtracting ADF from NDF.
Statistical analyses.-In both exclosure and canopy-litter manipulation experiments, the numbers of culms and 1st-year shoots in different seasons were counted (a binary data set), and the differences between treatments were examined using logistic regressions (Allison 1999 ). The shoot : culm ratios, expressed in their arithmetical quotients (i.e., the numbers of shoots divided by culms), are presented in the figures. For the shoot-culm cafeteria trials, the number of culms and shoots gnawed by voles were counted. We calculated the average number of shoots and culms gnawed in a season. The differential consumption was examined with a 2 3 3 (part 3 season) contingency table, followed by a chi-square test in each season as a post hoc comparison. For the all-part cafeteria trials, Manly's a was calculated for each Yushan cane part for each vole tested. Values from different individuals in a season served as replicates. The feeding preference for different parts was examined with a 2-way (part 3 season) fixed-factor analysis of variance (ANOVA), followed by Scheffe's tests as post hoc comparisons.
The nutrient contents of the different Yushan cane parts were analyzed in all seasons and years the cafeteria trials were performed. All nutrients measured, including ash, NDF, ADF, hemicellulose, and crude protein, were expressed as percentage of dry matter weight, except water, which was expressed as percentage of fresh weight. To determine the chemical components that best explained the feeding preference (Manly's a), the average of Manly's a of different individuals in a month and year were calculated to find a feeding preference value for each Yushan cane part in a given month and year. Because plant chemical constituents tend to be highly correlated with each other, we used a principal component analysis to obtain important orthogonal principal components (PCs) of chemical constituents, followed by a model selection process using the Akaike information criterion (Akaike 1974) to identify the PCs that best explained the feeding preference. None of the data sets violated the assumptions, such as normality, of the statistical tests performed. SAS version 9 (SAS Institute Inc., Cary, North Carolina) was used to perform all statistical analyses.
RESULTS
Shoot-culm cafeteria trials.-Overall, the number of culms and 1st-year shoots of Yushan cane gnawed by Taiwan field voles over a 12-h period were significantly different (chisquare test on a 2 3 3 contingency table, v Video recording showed that voles would climb or fell the culms to consume the branches and leaves. They would clip the leaves off the branches at the leaf petioles, eat from the petiole ends of the leaves, and discard the leaf tips. Voles showed seasonal differences in foraging behaviors on shoots. In May, the shoot-growing season, the voles would fell the shoots at approximately 3-5 cm from the ground (platform), gnaw off the exterior (bark), and eat the interior of the shoots. In October and January, the leaf-growing and nongrowing seasons, respectively, the voles would feed on the leaves on the tips of shoots. They either climbed or felled the stems to do so. Overall, the felled culms, shoots, and discarded branches and leaves produce large amounts of litter on the ground. The stature of consumed Yushan cane stands and discarded piles were consistent with what we observed in the field.
All-part cafeteria trials.-Because there was no significant difference between male and female voles in feeding preference analyzed with a 3-way ANOVA (part 3 season 3 sex, sex effect, F 1,107 ¼ 0.62, P ¼ 0.43), the data were pooled between sexes, and analyzed with a 2-way ANOVA (part 3 season). The preference for Yushan cane parts differed among seasons with a significant part 3 season interaction (F 6,108 ¼ 24.25, P , 0.001). Feeding preference in May was significantly different from that in January or October. In descending preference, the preference rankings were shoot . leaf . culm ¼ rhizome in May, and leaf . shoot ¼ culm ¼ rhizome in January and October. The overall rankings were leaf . shoot . culm ¼ rhizome (Table 1) .
As expected, the correlations between pairs of chemical constituents were high. Pearson correlation coefficients were .0.45 (with P , 0.005) in nearly all pairs, except the correlation between water and ash (Pearson correlation coefficients ¼ 0.27, P ¼ 0.12). The principal component analysis produced 3 PCs that explained 97% of variations cumulatively (Table 2A) . The 3 best models selected by Akaike information criterion (with DAIC , 2) were composed mainly of PC1, followed by PC3 (Table 2B ). PC1 is represented almost equally by all chemical constituents, and indicated that, together, all chemical constituents determined the feeding preference of voles. The composition of PC1 (Table 2A) Canopy-litter manipulation.-Reducing canopy cover had a significant effect. The shoot : culm ratio of Yushan cane of the canopy reduction group became higher than that of the control. The ratio increased over time (logistic regression, treatment 3 time interaction, v 2 4 ¼ 7.11, P , 0.01; Fig. 3 ). Removal of litter also had a significant effect. The shoot : culm ratio of Yushan cane of the litter removal group remained low. The ratio became lower than that of the control over time (logistic regression, treatment 3 time interaction, v 2 4 ¼ 3.81, P ¼ 0.05; Fig. 3 ).
DISCUSSION
The results clearly showed that Taiwan field vole herbivory could facilitate asexual reproduction of Yushan canes. The presence of voles increased shoot : culm ratios by nearly 100% over a 22-month period (Fig. 2) . We further provide a plausible mechanism for the positive effects of herbivory. The selective consumption of culms and leaves by voles reduces canopy and creates large litter piles, which facilitates the production of Yushan cane shoots. Although the long-term fitness consequences of vole herbivory on Yushan canes remains to be investigated, shoot production is a critical component of fitness for colonial species that rarely flower.
Although it is nearly impossible to directly observe the foraging behaviors of voles in the field, the degree of defoliation observed during the feeding trials suggested that Taiwan field voles could defoliate Yushan canes substantially in the alpine ecosystem. The feeding experiments suggest that Taiwan field voles strongly prefer Yushan cane leaves nearly year-round, which corresponds with the availability and nutritional quality of Yushan cane leaves. Yushan cane leaves are all green in the growing season (April-September). In the nongrowing season (October-March), only the outer layer of canopy that is exposed to wind wither, whereas the substratum of foliage remains green (Chen 1997) . The positive chemical constituents, including ash, crude protein, and hemicellulose, are highest in the leaves, whereas fiber contents (NDF and ADF) are the lowest among all cane parts. Taiwan field voles are small mammals with high metabolic rates; they do not hibernate, and can reach high densities in alpine meadows. They could exert a great magnitude of defoliation and have substantial impacts on the photosynthetic ability and fitness of the Yushan cane. Fresh clipping piles could be seen year-round in the field. However, the relationship between the 2 species is more than what meets the eye. The defoliation of Yushan canes reduces the canopy cover and increases the amount of leaf litter on the ground. Both effects alter soil conditions. Although we did not directly measure the soil conditions, previous studies (Andrade et al. 2010; Cirtain et al. 2009; Deutsch et al. 2010) suggested those effects could elevate and maintain soil temperature and moisture. These microclimatic changes could facilitate the emergence of new shoots (Liu et al. 2009; Wang and Kao 1986) , thus promoting asexual reproduction in Yushan canes. Indeed, both reducing canopy cover and maintaining ground litter have a significant effect on the shoot : culm ratios of Yushan cane, although the effect of the former is greater than the latter (Fig. 3) . There is little investigation on the effects of water and light availability on herbivory tolerance, although it is generally assumed that these local environmental factors are positively associated with tolerance (Maschinski and Whitham 1989) . Empirical studies that document when and how herbivore consumption can benefit plants are needed to provide insights into the evolution of overcompensation, and the plantherbivore relationship in general (Wise and Abrahamson 2005) . Our experiments showed that the foraging behaviors of herbivores could create a suitable growing environment for the plants. The positive effects of other consumption behaviors include herbivore regurgitant or saliva (Poveda et al. 2010; Zhang et al. 2007 ) and burrowing (Gómez-García et al. 1999 , 2004 . Of course, the most important behavioral mechanism thus far is that the damage of apical or floral meristems by herbivores would activate dormant meristems and induce regrowth of lateral shoots and branches (Fornoni 2011; Strauss and Agrawal 1999). Such an effect also may play a role in the compensatory growth in our study.
The results of AIC model selection indicates that the preference for Yushan cane leaves by Taiwan field voles occurs year-round, and the preference for shoots during the shooting season can be explained by the seasonal changes in all 6 chemical constituents of different Yushan cane parts (Table 1 ; Fig. 1 ). The preference was positively affected by crude protein, ash, hemicellulose, and water content, while negatively influenced by ADF and NDF. Overall, the leaves of Yushan cane carry the highest nutritional quality among all cane parts nearly year-round, except when the 1st-year shoots newly emerge from underground. During that period of time, shoots, with the lowest ADF and NDF, and highest crude protein, ash, and hemicellulose among all parts, were strongly preferred by voles, making leaves the voles' 2nd preferred food. The feeding behavior of the Taiwan field voles further supports that food with low ADF and NDF is of high nutritional quality for voles (Bergeron and Jodoin 1987; Goldberg et al. 1980) . During the shoot-culm cafeteria trials in May, the shooting season, the voles would fell the shoots at their base, gnaw off the exterior, and eat the interior of the shoots. In October and January, the voles would only feed on the leaves on the culms and tips of 1st-year shoots. When feeding on leaves, they would clip the leaves off the branches at the leaf petioles, eat from the petiole ends, and discard the leaf tips. The leaf tips of the Yushan cane are often brownish and dry compared to other parts of leaves, which suggests low palatability. These behaviors suggest that voles avoid parts with high fiber. In conclusion, our study showed that although Taiwan field voles could exert strong herbivory pressure on Yushan canes through preferentially feeding on Yushan cane leaves nearly year-round, the presence of Taiwan field voles increased the emergence of Yushan cane shoots. We further demonstrated that this mechanism is likely to work through the alteration of shooting conditions due to the messy consumption behaviors of voles. This study suggests a case of overcompensation in which the gain in asexual reproduction of the Yushan cane more than compensates for the herbivorous loss to Taiwan field voles. This observation was true at least during the course of our study. Nevertheless, future studies examining the mutual influence of these 2 species on long-term fitness are required to confirm such a claim.
